Ahstract--Ammonium-saponite is hydrothermally grown at temperatures below 300~ from a gel with an overall composition corresponding to (NH4)o.6Mg3Si3.4Alo.6Olo(OH)2 . The synthetic saponite and coexisting fluid have been characterized by means of X-ray powder diffraction, X-ray fluorescence, Induced Coupled Plasma-Atomic Emission Spectroscopy, thermogravimetric analysis, transmission electron microscopy, CEC determination using an ammonia selective electrode, and pH measurement. In the crystallization model developed, crystallization started with the growth of individual tetrahedral layers with an aluminum substitution not controlled by the ApV/A1 vI ratio in the gel and hydrothermal fluid, on which the octahedral Mg layers can grow. During the synthesis, individual sheets stacked to form thicker flakes while lateral growth also took place. The remaining A1 vI partly replaced ammonium as the interlayer cation.
INTRODUCTION
During the last ten years, interest in the use of smectites as catalysts and molecular sieves has increased. Synthetic clays, such as beidellite (Plee et al., 1987; Schutz et al., 1987; Kloprogge et al., 1990a Kloprogge et al., , 1990b Kloprogge, 1992) , hectorite, and fluorhectorite (Shabtai et al., 1984; Sterte and Shabtai, 1987; Torii and Iwasaki, 1987) , are preferred to natural smectites because of their high purity and their adjustable composition; however, synthetic saponites have so far not received much attention, even though they exhibit a higher (hydro)thermal stability than other smectites.
Only a few studies have been devoted to the synthesis of Na-saponites. Koizumi and Roy (1959) and Iiyama and Roy (1963) used as starting material a gel consisting of nitrates of aluminum, magnesium, and sodium in combination with Ludox AS, a commercial colloidal silica suspension stabilized by ammonium. Suquet et al. (1977) and Lipsicas et al. (1984) prepared a gel according to the procedure described extensively by Hamilton and Henderson (1968) . Hickson (1974 Hickson ( , 1975a Hickson ( and 1974b made an aqueous slurry of hydrous alumina, magnesia, and silica within ammonium hy-droxide, while Iwasaki et aL (1989) dissolved magnesium chloride and aluminum chloride in an acidified sodium silicate solution that was subsequently mixed with an alkali solution. All these syntheses have in common that they were performed at temperatures and pressures ranging from 150 ~ to 450~ and autogeneous water pressure to 1500 bar, respectively. An exception is the method described by Decarreau (1980 Decarreau ( , 1985 , who precipitated saponite nuclei at room temperature from sodium silicate and sodium aluminate in a solution of a magnesium salt acidified with the corresponding acid. These nuclei were aged for three weeks in water at temperatures between 5 ~ and 90~
The aim of this study is to provide a precise characterization of synthetic ammonium-saponites from gels with variable ammonium concentrations and water content in the temperature range 125 ~ to 280~
EXPERIMENTAL METHODS
The gel was prepared from a homogeneous mixture of stoichiometric amounts of powders of amorphous silica (SIO2, Baker 0254), aluminiumtriisopropylate (AI[OCH(CH3)2]3, Merck 801079), and magnesiumacetate-tetrahydrate [(CH3COO)2Mg'4H20], Merck 5819). The powder mixture was brought into aqueous ammonium hydroxide solutions (NH4OH , Baker 6051) to produce a saponite with a theoretical composition of (NH4)o.6Mg3Alo.6Si3.401o(OH)2. Approximately 125 g of the gel were hydrothermally treated in a 250 ml autoclave for 72 hr at temperatures between 125 ~ and 280~ and autogeneous water pressure. After cooling, Figure I . X-ray powder diffraction patterns of saponites synthesized at different temperatures (series 2); c = corundum.
the solid product was washed twice with demineralized water followed by an ion-exchange with a I M ammoniumchloride solution at room temperature to ensure that all exchangeable sites were occupied by ammonium. Finally, the solid product was washed another three times, sedimented by centrifugation, and dried overnight at 120~ A sieve fraction < 64 tzm was used for characterization, on the assumption that any amorphous material present would have a particle size >64 #m (based on unpublished data by the Koninklijke/ Shell Laboratorium Amsterdam). After synthesis, the pH of the coexisting hydrothermal liquid was measured as well as that of the water after washing the resulting solid once with 2 L water. X-ray powder diffraction (XRD) patterns were recorded with a Philips diffractometer equipped with PW 1700 hardware and APD 1700 software and using CuKa radiation. Thermogravimetric and differential thermal 1.5320 vs NH4-saponite from run HTSAP2b (240~ NH4/A1 = 1.0, H20/(Si + A1) = 10).
2 Two-water layer Koz~ikov saponite (Guinier de Wolff camera) (Suquet et al., 1975) .
3 Na-exchanged Koz~tkov saponite (Suquet et al., 1975) . 4 v = very; s = strong; m = medium; w = weak.
analyses (TGA/DTA) were made with a Du Pont 1090 Thermal Analyzer using heating rates of 10~ and 20~
respectively. Elemental analyses were performed using X-ray fluorescence (XRF). The coexisting hydrothermal fluid was analyzed with Inductively Coupled Plasma (ICP) atomic emission spectrometry. Infrared (IR) absorption spectra were obtained on powdered samples in KBr tablets (sample concentration 1 wt. %) using a Perkin Elmer 580 IR spectrophotometer.
The cation exchange capacity (CEC) of the saponite was determined from the NH4 § content in solution after exchange with NaC1 using an ammonia-selective electrode. Surface areas of the ammonium saponites were determined using a commercial apparatus from Micromeretics, applying the BET equation. The samples were first calcined at 5500C and subsequently degassed at 300~ in vacuum. Measurements were performed at liquid nitrogen temperature, using nitrogen as the sorbate and assuming the surface area of adsorbed nitrogen to be 16.2/~2.
The morphology and particle sizes of the products obtained were investigated with a Philips EM 420 transmission electron microscope (TEM) operated at 120 kV.
RESULTS
The XRD patterns of the solid products display the diffraction pattern of saponite with a small amount (1%-3%) of corundum, a-A1203 (Figure 1 ). The corundum is not produced during the synthesis but is an artifact from the mortar in which the powders for the gel preparation were ground. The basal spacings of the saponites vary between 12.08 ,~ (7.31 ~ 20) and 12.35 (7.15 ~ 20). The intensities and the sharpness of the (001) and (060) reflections increase with increasing syn- (001) reflection can only be distinguished as a shoulder on the intense low angle scattering from the primary X-ray beam. The (hkl) values of the synthetic NH4-saponite were indexed according to the values of the Koz~kov saponite (Suquet et al., 1975) (Table 1) . A discrepancy shows up in the d-values of the reflections with 1 ~ 0 because the presence of ammonium instead of mainly Ca, as the interlayer cation, results in a higher basal spacing (Table 1) . After sodium exchange the basal spacing of the Kozhkov saponite decreases to 12.6 A, which is closer to the basal spacing of ammoniumsaponite. Upon calcination at 550~ the basal reflection broadens and exhibits two overlapping maxima at 12.5/~ and 10.2/~. Table 2 summarizes the pH of the fluid after washing for the first time as well as the cation exchange capacities (CEC) and the BET surface areas of the solid products obtained. The pH decreases monotonically as the temperature increases from 125 ~ to 200~ The CEC values never represent more than 45% of the theoretical CEC of 155 meq/100 g calculated from the structural formula assuming a dry product. A decrease in the CEC value is observed with decreasing synthesis temperature at constant water content and initial ammonium concentration. Higher CEC values are obtained with higher ammonium concentrations at the same synthesis temperature. A similar trend is observed with the water content, except for the syntheses performed at 200~ which show a maximum at a molar H20/(Si + A1) ratio of 20. The BET surface areas do not seem to depend on the ammonium concentration or water content. With increasing synthesis temperature, a maximum BET surface area is observed at 175 ~ to 200~ TEM illustrates that the hydrothermal product synthesized at 280~ using a molar ratio H20/(Si + A1) of l0 (HTSAP2a) consists of a homogeneous mass of small flakes approximately 60/~ thick and 400-800/~ in diameter (Figure 2a) . Only a small amount of amorphous material is observed in HTSAP2a. With decreasing synthesis temperature, the amount of amorphous material increases. At 1250C (LTSAP2d), the bulk product consists mainly of amorphous material with only a few saponite flakes with diameters less than 200/~ (Figure 2b) . The thickness could not be determined, but it is less than 30 A. Comparison of Figure  2c with 2a, b, and d show that an increase in the ammonium concentration in the starting gel results in an increase in amorphous material. The particle size of the saponite flakes is not influenced by the ammonium concentration. The saponite synthesized at H20/(Si + A1) = 25 (280~ HTSAP7a) consists of particles approximately 1 l0/~ in thickness and 1100/~ in diameter, together with a few larger particles up to 6500/~ in diameter and 470/~ in thickness (Figure 2d) .
The XRF results (Table 3 ) reveal a variation in bulk composition in the products due to the presence of amorphous material and corundum. Different concentrations of Mg, Al, and Si in the hydrothermal fluid are also reflected in the XRF bulk analyses. In all analyses, higher A1 and lower Mg contents are observed in comparison with the theoretical composition (52.46 wt. % SiO2, 15.72 wt. % A1203, 31.05 wt. % MgO, and 2.78 wt. % NH4). An increase in the Si and A1 content, together with a drop in the Mg content, is observed with decreasing temperature (Table 3) . Based on the assumption that all magnesium is incorporated in the saponite, the XRF data reflect a relative increase in the amount of saponite in the products with increasing synthesis temperature (Figure 3) .
ICP analyses of the hydrothermal fluid (Table 4) analyses. The fluids contain higher Mg concentrations at lower synthesis temperatures. Table 5 lists the infrared absorption maxima of the synthetic ammonium-saponite before and after calcination at 500~ along with natural saponite (Krugersdorp Transvaal, van tier Marel and Beutelspacher, 1976) , and tobelite, an a m m o n i u m -m i c a (Voncken et al., 1987) . The observed absorption maxima of the synthetic saponite agree well with those of the natural saponite, although some Si-O vibrations are very weak or absent in the spectra of the synthetic saponite. The vibrations due to a m m o n i u m agree with the vibrations reported by Voncken et aL (1987) for ammonium-mica, although they are systematically shifted toward lower wave numbers.
T G A and DTA plots of HTSAP2a exhibit loss of water due to dehydration and dehydroxylation and loss of ammonia (Figure 4) . During heating to 140~ 6 wt. % of absorbed water is lost. The D T A curve shows an endothermic m a x i m u m at 100~ In the range 140 ~ to 525~ an additional amount of 3 wt. % of chemically bound water is lost along with some ammonia. The gradual loss between 525~ and 750~ is interpreted as an overlap of ammonia loss and dehydration with dehydroxylation (Kloprogge et al., 1990b) . Between 750~ and 860~ the dehydroxylation reaches its maximum weight loss of 2.8 wt. %. In the DTA plot, the dehydroxylation is represented by an endothermic peak with its maximum coming at 845~ just before the exothermic peak, due to the breakdown of saponite at 875~ No further weight loss is observed during breakdown.
DISCUSSION

Saponite crystallinity
The synthesis ofNH4 +-sapOnite was successful in all experiments. The degree ofcrystallinity increased with increasing temperature as evidenced particularly by the increasing intensities of the (001) and (060) reflections in the diffractograms. Both TEM and sharpening of the XRD reflections, especially the (001) and (060), demonstrated an increasing crystallite size and a decreasing amount of amorphous material with higher synthesis temperatures. Higher ammonium concentrations in the starting gel influenced only the CEC of the product and the formation of amorphous material. Higher ammonium concentrations in the starting gel did not consistently affect the particle size, whereas an increase in the water content, as shown in Figures 2a and 2d , resulted in larger particles. It could be hypothesized that the higher ammonium concentration increases pH, increasing the solubility of silica from the gel, an effect that is even further increased during heating. This silica does not participate in the early stage of the crystallization ofsaponite. During crystallization, the pH drops and the silica is precipitated as amorphous material due to decreased solubility. The XRD spectra of the saponites synthesized by Iwasaki et al. (1989) indicate a very low crystallinity in comparison with our saponites due to their very short run times of 3 hr. Although Suquet et al. (1977) selected a run time of 15 days, a small, undetermined amount of amorphous material was still observed. As already stated by Koizumi and Roy (1959) , it seems that, after a certain period, longer run times have no further effect either on the crystallite dimensions or on the saponite yield, indicating equilibrium. As we applied a run time of 3 days only, we cannot ascertain whether such a limiting time exists in our experiments.
The most crystalline material is obtained at 280~ autogeneous water pressure (~63 bar), and a H20/(Si + A1) ratio of 25. This temperature and the corresponding pressure agree well with those applied by Lipsicas et al. (1984) and Iwasaki et al. (1989) . In contrast, Koizumi and Roy (1959) and Suquet et al. (1977) applied much higher pressures (1 kbar and 1.5 kbar, respectively).
Saponite chemistry
The theoretical structural formulae based on the starting mixture differ substantially from the observed chemical analyses and cation exchange capacities (Table 3). The chemical analyses indicate a considerably higher amount of aluminum. 27A1 MAS NMR data (Kloprogge, 1992; Kloprogge et aL, 1993b) show the presence of excess A1 v~ within the interlayer or within octahedral sites of the saponite structure. The rather (Kloprogge, 1992; Kloprogge et al., 1993b) . Saponites with Mg 2+ within the interlayer sites have a basal spacing of 15.7 ~ (Suquet et aL, 1977; Kloprogge, 1992; Kloprogge et al., 1993a) , which is larger than the observed basal spacing of approximately 12.3 ~. Therefore, the observed basal spacing and the doublet of the basal spacing after calcination, indicate that NH4 + and AP + ions reside on the exchange sites. The diffraction profile after calcination indicates the presence of H § AP +, and some remaining NH4 + . For the saponites produced at the higher synthesis temperatures (240~ and 280~ the ammonium content of the products, based on the XRF data, are in (Table 3 ), indicating that ammonium resides within nonexchangeable sites, possibly of amorphous material, which is present in considerable amounts in the products of the runs performed at temperatures below 200~
Calculation of the magnesium distribution between the solid products after the NH4C1 treatment and the coexisting hydrothermal fluid reveals that the amount of magnesium present in the hydrothermal fluid and in the solid state is equal to the total amount of magnesium in the gel. This is an additional indication that no Mg 2+ was present as exchangeable cation. A too low amount of Mg should have been found in the analyses, as Mg is expected to be exchanged during the NH4C1 treatment.
Crystallization model
27A1 MAS-NMR has shown that approximately 60% of the A1, which is initially octahedrally coordinated in aluminiumtriisopropylate, changes its coordination during gelation and is incorporated into the silica gel structure as tetrahedral A1 (Kloprogge, 1992; Kloprogge et aL, 1993b) . During synthesis, the pH decreases from approximately 10 to 4.5. In this pH and temperature range, the silica is only slightly soluble up to 1000 ppm. The Mg remains highly soluble within the entire pH range. A1, which is incorporated into the gel structure, is only slightly soluble; however, the AI not incorporated is highly soluble at high and low pH, though not in the neutral range. In agreement with the model for the crystallization of hectorite that Decarreau (1980) has proposed, it is suggested that crystallization of the saponite at temperatures above 150~ starts with the formation of tetrahedral layers with a certain amount of AI substitution, which is not fixed by the amount of tetrahedral A1 in the gel. The initial ratio Si/A1 of 5.67 and the ApV/A1 v~ of 1.5 in the gel should result in a Si/AI TM ratio of 9.44. However, values between 5 and 5.9 are observed in the products (Kloprogge, 1992; Kloprogge et aL, 1993b) , indicating that AI v~ is dissolved from the gel and indicating the basic conditions of the hydrothermal fluid changes to A1TM. At lower temperatures, the substitution is not only determined by the amount of tetrahedral A1 in the gel and the hydrothermal solution but also by the amount of A1 v~ captured in the amorphous phase. With higher synthesis temperatures, the rate of crystallization is higher. Syntheses at increasing temperatures and constant run times can be considered as equivalent to syntheses at increasing run times and constant temperatures. Assuming this equivalence, it is possible to propose a crystallization model based on the results of this study. The intensities of the (001) reflections increase, while the intensities of the other hk reflections remain nearly constant. Furthermore, the CEC of the saponite decreases with increasing synthesis temperature. These facts support the hypothesis that the crystallization initiates from separated sheets that later stack to form thicker saponite flakes. The sharpening of the XRD reflections, especially the (060), indicates that the lateral growth continues during stacking. During crystallization, pH decreases due to the formation of acetic acid. The remaining Mg together with a small amount of A1 forms octahedral brucite (and gibbsite) layers upon the available tetrahedral layers. Both the XRF of the solid product and the ICP measurements of the hydrothermal fluid show that, during crystallization, an increasing amount of Mg is found in the product. Due to its small ionic radius combined with its high charge, the remaining A1 is incorporated into the interlayer instead of NH4. This model elucidates the lower (Si/A1) TM ratio observed with 29Si MAS-NMR (Kloprogge, 1992; Kloprogge et al., 1993b) as compared to the starting gel and the relatively high degree of A1 substitution in the interlayer.
